Abstract 22 23
Bacteria on meat are subjected to specific living conditions that differ drastically from 24 typical laboratory procedures in synthetic media. This study was undertaken to determine the 25 behavior of bacteria when transferred from a rich-liquid medium to solid matrices, as is the case 26 during microbial process validation. Escherichia coli cultured in Brain-Heart Infusion (BHI) 27 broth to different growth phases were inoculated in ground beef (GB) and stored at 5°C for 12 28 days or spread onto BHI agar and cooked meat medium (CMM), and incubated at 37°C for 29 several hours. We monitored cell densities and the expression of σ factors and genes under their 30 control over time. The initial growth phase of the inoculum influenced growth resumption after 31 transfer onto BHI agar and CMM. Whatever the solid matrix, bacteria adapted to their new 32 environment and did not perceive stress immediately after inoculation. During this period, the σ E 33 and σ H regulons were not activated and rpoD mRNA levels adjusted quickly. The rpoS and gadA 34
Introduction 42 43
Environmental factors such as temperature, gaseous atmosphere, pH or salt concentration 44 affect bacterial growth, activity and resistance during meat storage or processing (Borch et al., 45 1996) and can modify bacterial gene expression patterns to a certain extent (Allen et al., 2008) . 46
Considering the ability of bacteria to adapt to hostile living conditions, the efficacy of 47 antimicrobial systems must be tested using experimental conditions as close as possible to the 48 ones encountered by bacteria in food matrices. So far, gene expression profiles of 49 microorganisms have been evaluated mainly in typical laboratory systems because of the ease of 50 obtaining a large number of clean cells (Tucker et al., 2002; Polissi et al., 2003; Allen et al., 51 2008) . Inocula are also prepared in nutrient-rich liquid culture media with high mixing rates, high 52 initial cell densities and a lack of competitors. However, bacteria in meat are attached to the food 53 surface and exposed to very different conditions, suggesting that the extrapolation of data 54 obtained from laboratory broth culture to solid food matrices could be largely misleading 55 (Tamplin et al., 2005) . 56
Life on food has often been compared to a biofilm. In natural biofilms, however, bacteria 57 are exposed to nutrient limitation and other stresses likely to result in reduced growth (Hengge-58 Aronis, 2002; Collet et al., 2008) , which is far from the situation encountered in a nutrient rich 59 perishable food like meat or cheese. Biofilms are sessile three-dimensional communities of 60 bacteria that can occur on different surfaces in contact with fluids (Schembri et al., 2003) . 61
Bacteria living in biofilms are usually regarded as similar to stationary phase cells in terms of 62 their reduced metabolic activities (Beloin et al., 2004; Xu et al., 2001 ) and induction of σ S 63 activity (Lacour and Landini, 2004; Patten et al., 2004; Ren et al., 2004; Domka et al., 2007) . 64 removed with a sterile strainer and the CMM pellets were returned to 37°C for 0, 0.5, 1, 2, 4, 6 156 and 8 h. Cooked Meat Medium pellets (20 g) were then transferred to stomacher filter bags with 157 180 ml of peptone water and homogenized with a stomacher lab blender as described for the GB 158 experiment. A portion of 20 ml of the homogenate was filtered through a Steriflip® unit. One ml 159 of the filtrate was used for cell enumeration and the remaining volume was centrifuged at 7000 x 160 g for 2 min before mixing the residual pellets with RNAprotect® reagent prior to freezing. All 161 cell counts were performed as described in section 2.2 and RNAprotect® reagent was removed 162 by a short centrifugation just before freezing the cell pellets as recommended by the manufacturer 163 (Qiagen). 164 165
Total RNA extraction and RT-PCR experiments 166 167
Frozen cell pellets were resuspended in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, 168 pH 8.0) with 1 mg/ml of lysozyme (SIGMA Aldrich, Canada) and 20 µl of Proteinase K (Qiagen 169 Inc, Canada). Enzymatic lysis was performed at room temperature for 5 to 20 min, depending on 170 the volume of the cell pellet. Total RNA was extracted with RNeasy Mini or Midi Kits (Qiagen 171
Inc., Canada) following the manufacturer's protocols. For cells harvested from GB, the lysis 172 buffer was supplemented with 100 mM NaCl and 100 µl of 10% SDS (Cui et al., 2003) , and a 173 phenol/chloroform extraction was performed before transfer to RNeasy columns. RNA 174 concentrations and the OD 260 /OD 280 ratios were measured using a NanoDrop ND 1000 (Thermo 175 Scientific, USA). The RNA samples were incubated at 37°C for 30 min with DNAse (2 U 176 DNAse/10 µg RNA; Ambion, Toronto, Ontario, Canada) before phenol/chloroform purification 177 and NaCl/ethanol precipitation. The quality of total RNA samples was evaluated by 178 electrophoresis on a 1% agarose gel containing ethidium bromide. 179
Total RNA (500 ng) was reverse transcribed with the SuperScript II enzyme and random 180 hexamers (Invitrogen, Toronto, Ontario, Canada). Target cDNAs were then amplified by PCR 181 using specific primers (Table 1 ). The reactions were performed for 28-30 cycles at 56/58°C using 182
Taq DNA polymerase (Invitrogen), except for 16s rRNA whose amplification required only 20 183 cycles. PCR products were electrophoretically separated on a 2% agarose gel and quantified by 184 densitometry after scanning with a ChemiDOC TM XRS (BIO-RAD, Canada). For each sample, 185 the mRNA levels of transcription factors (rpoD, E, H and S) and genes under their specific 186 control (uspA, rseB, dnaK and gadA, respectively) were normalized to 16s rRNA levels, and 187 expressed as a ratio of target gene over the 16s gene. GroEL/16s ratio was also evaluated for 188 bacteria growing on meat. For all genes, the three biological replicates of each culture were 189 amplified in the same PCR run and the amplicons were separated simultaneously on the same 190 agarose gel (i.e., all samples at one OD 600 for one solid matrix on one gel). belongs to a restricted category of genes whose transcription is exclusively controlled by σ D and, 198 as a consequence, is repressed in several sub-lethal stresses (Kvint et al., 2003) . Similarly, 199 glutamate decarboxylase A (gadA) was chosen from the numerous genes controlled by σ S 200 because its expression increases with many stresses including the entry into stationary growth, 201 low environmental pH and osmotic shock (De Biase et al., 1999; Patten et al., 2004 and of genes under their specific regulation (uspA, rseB, dnaK/groEL and gadA) were studied to 218 determine if a bacterial stress response was initiated by the meat environment. As expected, no 219 significant growth was observed after 12 days of cold storage. During this period, fewer changes 220 were observed in the expression profiles of stationary phase bacteria than exponential phase ones 221 (Fig. 1) , suggesting that bacteria in stationary phase adapted readily to the new meat 222 environment. After transfer from BHI broth to refrigerated meat, the mRNA levels of the 223 "housekeeping" transcriptional factor, rpoD, increased significantly in exponential phase bacteria 224 (P = 0.0005; Fig. 1a ) but not in stationary phase cells (P = 0.1; data not shown). This appeared to 225 be normal adjustment of σ D activity in exponential bacteria since uspA mRNA levels were not 226 affected (P = 0.6; Fig. 1a) . 227
Transferring the cells from BHI broth to cold stored meat did not cause significant change 228 in the rpoS mRNA levels during the storage period for inocula grown to an OD 600 of 0.5 and 0.9 229 (P = 0.3 and 0.1, respectively). Furthermore, σ S activity, evaluated by gadA transcription, was 230 unchanged for stationary phase cells (P = 0.8; data not shown) and decreased only after 12 days 231 of storage at 5°C for exponential phase bacteria (P = 0.03; Fig. 1b ). Considering that an acid 232 stress can induce both σ S activation and gadA transcription in entero-hemorrhagic E. coli (Olesen 233 and Jespersen, 2010) , our data indicate that no molecular adjustment for environmental pH 234 adaptation was necessary during the transfer of E. coli from BHI broths (pH 6.9 and 6.3 at OD 600 235 0.5 and 0.9 respectively) to a meat environment (pH 5.5). 236
Significant changes in rpoE transcription were observed in exponential (P = 0.049; Fig 1c) 237 and stationary (P = 0.01; Fig 1d) phase bacteria without modification of rseB transcription (P > 238 0.1). However, time-course changes in rpoE mRNA levels differed according to the initial 239 physiological state. The lack of change in rseB transcription suggested that the activation of the 240 envelope stress response was limited after transferring bacteria to a meat environment. 241
The heat-shock regulons also appeared to be more sensitive to the new environmental 242 conditions on the refrigerated meat surface. Despite the absence of significant variations in rpoH 243 mRNA levels (P > 0.1), the activity of σ H , evaluated by the transcription of two heat shock genes, 244 changed significantly during cold storage, suggesting an important role for the RpoH regulon in 245 cell growth adaptation under these conditions. In exponential growth phase bacteria (Fig. 2a) , 246 dnaK and groEL mRNA levels were unchanged 1 h after inoculation but increased significantly 247 after 1 day of storage at 5°C. A similar increase in dnaK and groEL transcription for stationary 248 phase bacteria occurred 3 days after inoculation (Fig. 2b) The same gene expression study as that performed in GB was carried out using BHI agar 256 plates and CMM pellets inoculated with E. coli incubated at its optimal growth temperature 257 (37°C). Planktonic bacteria grown to different cell densities (OD 600 0.1, 0.5 and 0.9) were 258 inoculated onto BHI agar plates and sterile CMM pellets. After transfer to solid media, cell 259 growth was evaluated for up to 8 h (Table 2) . After transfer, bacterial growth typically resumes 260 after a lag period whose duration varies with the initial growth phase of the inoculum. When 261 bacteria from a culture with an OD 600 of 0.1 were transferred onto BHI agar plates, less than 30 262 min was necessary for growth to resume whereas significant increases in cell concentration did 263 not occur until more than 60 min after transfer for cultures with an OD 600 of 0.5 and 0.9 (P < 264 0.05). For cells adhering to cooked meat pellets, active growth resumed within 1 h, regardless of 265 the OD of the inoculum. Growth resumed faster for a culture with an OD 600 of 0.1 transferred to 266 BHI agar (< 30 min) but took longer when transferred to CMM (30-60 min), and even longer for 267 cultures with OD 600 of 0.5 and 0.9 when transferred to BHI agar (1-2 h). Hence, both the initial 268 physiological state of the bacteria and the composition of the new environment influenced growth 269 after the cells were transferred from liquid to solid surfaces. 270
To determine the molecular adjustments triggered by environmental changes, the 271 transcription of σ D , σ E , σ H and σ S regulons were evaluated prior to and after inoculation on solid 272 surfaces. Significant changes in mRNA levels during liquid to solid transition and subsequent 273 growth on BHI agar plates or CMM pellets were detected by ANOVA (Table 3) . The 274 transcription level of the σ D ("housekeeping") regulon varied more extensively after transfer to 275 CMM than it did when transferred to BHI agar. Modifications were only observed for lag phase 276 bacteria transferred onto BHI agar plates whereas transcription of rpoD was significantly 277 modified under all experimental conditions using CMM pellets (P = 0.002, 0.004 and 0.025 for 278 lag, exponential and stationary phase bacteria, respectively). The activity of σ D , estimated using 279 uspA mRNA levels, remained unchanged only for exponential phase bacteria on CMM (P = 280 0.43). However, most of these changes appeared to be growth-dependent and demonstrated only 281 the normal adaptation of bacteria to a new environment rather than a true stress response (Fig. 3) . 282
The transfer of lag phase bacteria from liquid to CMM pellets ( Fig. 3a ) was followed by a 283 decrease in rpoD and uspA mRNA levels (two-fold lower after 30 min of growth than for the 284 planktonic state). For the other physiological states (Fig 3b-c) , expression of rpoD and uspA was 285 lower before bacterial growth resumed on CMM pellets and increased significantly after 4 hours 286 of active growth on the solid surface. The entry into stationary phase of bacteria attached to 287 CMM pellets was also followed by a drop in uspA mRNA levels without any change in rpoD 288 transcription (between 4 and 6 h), illustrating a normal reduction in σ D regulon activity during 289 this growth phase. 290
The expression of the σ S regulon was also highly modified during growth on BHI agar and 291 CMM pellets (Table 3) When the growth temperature remained at the optimal 37°C during the transfer from liquid 305 to solid medium, only a small number of changes occurred in heat shock regulons (Table 3) . 306
More variation occurred in the transcription of σ H and σ E regulons after transfer onto BHI agar 307 than transfer to CMM. Significant changes for dnaK transcription in exponential phase bacteria 308 (P = 0.03), and for rseB in exponential and stationary phase cultures (P = 0.008 and 0.02, 309 respectively), were observed after transfer onto BHI agar. For exponential phase bacteria 310 transferred to BHI agar, rseB and dnaK mRNA levels were similar to those of planktonic cells 311 from the time of inoculation until 6 h post-incubation on the agar surface (Fig. 4a) . For stationary 312 phase bacteria (Fig. 4b) , lower levels of rseB were measured 30 min after inoculation, whereas 313 dnaK mRNA levels were not significantly different (P = 0.96). Hence, changes in gene 314 expression were observed at a later stage during growth on BHI agar, not early after transfer as 315 would be expected for a typical stress response. The adaptation to new growth conditions 316 generated the greatest number of significant changes in σ factor expression profiles in lag phase 317 bacteria, compared to other physiological states, independent of the type of solid surface. 318 Furthermore, as illustrated by the transcription levels of rpoE, rpoH, rpoS and uspA mRNA in 319 cells growing on BHI agar (Fig. 4c) , most of these molecular changes were detected in the first 320 30 min after inoculation and decreased, when compared to planktonic mRNA levels. 321 322 4. Discussion 323 324 Cells exposed to unfavorable growth conditions are expected to react with a profound 325 change in σ factor gene expression and activity, depending on the severity of the perceived stress 326 (Chung et al., 2006) . We found it valuable to simultaneously follow, over time, the expression of 327 different σ factors and genes under their control in bacteria transferred to a new environment. 328
This allowed us to determine their physiological state and discriminate between changes due to 329 stress and changes due to normal adaptation. When transferred from BHI broth to BHI agar, the 330 bacteria were required to adapt only to the physical change of the growth media (liquid vs. solid, 331 nutrient diffusability, oxygenation), whereas cells transferred to CMM pellets or GB were also 332 exposed to changes in the composition of the growth medium. The results of the transfer from 333 BHI broth to BHI agar or CMM pellets indicated that increases in rpoS and gadA mRNA levels 334 were only observed when growth on solid media resumed and not immediately after transfer to 335 the solid surface, as expected in a typical stress response. These data indicated that neither σ S 336 transcription nor σ S activity changed during adaptation to the new environmental conditions 337 following cell attachment. Only growth-dependent changes were observed for these two genes, as 338 reported with a classical growth curve. These results agree with those previously observed for 339
Salmonella enterica serovar Typhimurium and Escherichia coli O157:H7 subject to different 340 environmental conditions. After inoculation of S. enterica serovar Typhimurium into skim milk, 341 rpoS expression coordinated with stationary growth and was not affected by the stress perceived 342 during the transfer from Luria Bertani broth to skim milk (Thompson et al., 1999) . Different food 343 environments also failed to induce σ S expression and activity in E. coli O157:H7, except tomato 344 and ginger in which the increase of gadA mRNA levels was mainly due to acidity (Yokoigawa et 345 al., 2003) . Our study demonstrated that, despite changes in life conditions (nutrients, lower pH of 346 fresh meat, refrigeration), rpoS mRNA levels did not change significantly between exponential 347 and stationary phase bacteria immobilized in GB after 12 days of storage at 5°C. Under these 348 conditions, gadA mRNA levels in exponential bacteria decreased only slightly after 12 days of 349 refrigeration, suggesting reduced resistance to unfavorable conditions can occur after a long 350 period of cold storage. The immobilized way of life in young and mature biofilms also induced the expression of 364 genes related to heat shock, and oxidative and envelope stress response, for example, ibpA, ibpB, 365 soxRS or rseB (Beloin et al., 2004; Ren et al., 2004) . Domka et al. (2007) reported that cold shock 366 proteins were transiently induced during biofilm formation, suggesting that many genes 367 associated with the stress response are activated after cell immobilization. In our experiments, the 368 attachment of bacteria onto BHI agar and CMM pellets did not involve marked changes in 369 expression of the σ H and σ E regulons. On the contrary, our results using GB suggested that 370 bacteria were more affected by cold storage than attachment onto the meat surface. Indeed, the 371 absence of significant changes in rseB transcription revealed that the extra-cytoplasmic stress 372 response was not induced in E. coli after transfer onto GB. However, incubating E. coli in a meat 373 environment at 5°C triggered significant changes in σ H activity (as measured by dnaK and groEL 374 mRNA levels) but not σ H expression. Induction of the σ H regulon by exposure to low 375 temperatures has been previously reported to enhance the survival of planktonic E. coli O157:H7 376 (Kim et al., 2005) . More recently, transcriptome comparisons of E. coli O157:H7 incubated at 377 37°C or 7.5°C for 15 min also revealed cold-dependent increases in transcription of dnaK, clpB 378 and ftsH, three members of the heat shock regulon, without induction of σ H (Allen et al., 2008) . 379
In our study, dnaK and groEL mRNA levels indicate that the σ H regulon was activated earlier in 380 exponential phase bacteria than in stationary phase one, confirming that stationary phase bacteria 381 are more resistant and better adapted for growth in more stringent conditions (such as meat stored 382 at 5°C). Even if we developed a powerful tool to study gene expression, the work is technically 383 tedious and bare the limits imposed by the stability of the mRNA molecules under study. 384
In conclusion, our study provides molecular evidence that inoculum preparation is of 385 great importance when studying the molecular changes that occur during bacterial adaptation to 386 new environmental conditions, such as those encountered in foods. Growing cells to inoculate 387 foods is easy but our results demonstrate that a certain adaptation time is required before their 388 physiology approaches that of bacteria naturally contaminating foods. Hence, we recommend that 389 inocula should be prepared in such a way that the cells have time to adapt and grow under the 390 conditions used in the real food system during process validation and challenge studies. Ideally, 391 this means growth to stationary phase, where bacteria are known to be more resistant, or at least 392 incubation in the food of interest before studying the efficacy of antimicrobial compounds or 393 processes. The initial growth phase of bacteria before inoculation onto solid surfaces and the 394 composition (e.g., nutrient content) of the new environment influence the growth parameters and 395 the σ factor expression profiles. Whatever the nature of the solid medium (BHI agar, CMM 396 pellets, GB) and the environmental conditions encountered, σ factor expression and activity 397 indicated that the transition from liquid to solid medium was not perceived as a stress under our 
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Means with the same letters (a-c and x-y for sigma factors and controlled genes respectively) do 515 not differ significantly (P > 0.05). Plk: planktonic bacteria grown in BHI broth to an OD 600 of 516 0.1, 0.5 and 0.9; h: hour. 517 518 Fig. 4. a) Evolution of mRNA expression profiles in lag phase E. coli inoculated on BHI agar. 519
The different electrophoresis gels correspond to one of the three biological replicates. b-c) 520
Modifications of RpoE regulons in exponential and stationary phase bacteria after transfer on 521 BHI agar. Gels on the top right corner show one of the three PCR results for rseB. Significant 522 variations in normalized mRNA levels were analyzed by ANOVA (P-values in top left corner). 523
Means with the same letters do not differ significantly (P > 0.05). Plk: planktonic bacteria grown 524 in BHI broth to an OD 600 of 0.5 and 0.9; h: hour. 525 526 Table 1  527 Sequences of specific primers used for RT-PCR experiments. H.T: hybridization temperature; bp: 528 base pair 529 In each column, cell concentrations with the same letter do not differ significantly (P > 0.05). 535 * Concentrations in LOG CFU/ml for the liquid fraction inoculating the CMM pellets. After the 536 inoculation period (5 min at 37°C), the liquid phase was removed and concentrations on CMM 537 pellets were given as LOG CFU /g. 538 # Time needed to observe the first significant changes in cell number after inoculation. 539 § NE: not evaluated. 540 541 542 Table 3  543 Summary of significant time-dependant changes for relative mRNA levels in bacteria growing on 544 BHI agar plates or CMM pellets 545 The different electrophoresis gels correspond to one of the three biological replicates. b-c) 638
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